Abstract--There are several established lipidmodifying agents, including statins, fibrates, niacin, and ezetimibe, that have been shown in randomized clinical outcome trials to reduce the risk of having an atherosclerotic cardiovascular event. However, in many people, the risk of having an event remains unacceptably high despite treatment with these established agents. This has stimulated the search for new therapies designed to reduce residual cardiovascular risk. New approaches that target atherogenic lipoproteins include: 1) inhibition of proprotein convertase subtilisin/kexin type 9 to increase removal of atherogenic lipoproteins from plasma; 2) inhibition of the synthesis of apolipoprotein (apo) B, the main protein component of atherogenic lipoproteins; 3) inhibition of microsomal triglyceride transfer protein to block the formation of atherogenic lipoproteins; 4) inhibition of adenosine triphosphate citrate lyase to inhibit the synthesis of cholesterol; 5) inhibition of the synthesis of lipoprotein(a), a factor known to cause atherosclerosis; 6) inhibition of apoC-III to reduce triglyceride-rich lipoproteins and to enhance high-density lipoprotein (HDL) functionality; ABBREVIATIONS: ACL, adenosine triphosphate citrate lyase; ACS, acute coronary syndrome; apo, apolipoprotein; ASCVD, atherosclerotic cardiovascular disease; ASO, antisense oligonucleotide; CETP, cholesteryl ester transfer protein; ETC-1002, 8-hydroxy-2,2,14,14-tetramethylpentadecanedioic acid; FHBL, hypobetalipoproteinemia; HDL, high-density lipoprotein; HDL-C, high-density lipoprotein cholesterol; hoFH, homozygous familial hypercholesterolemia; IDL, intermediate-density lipoprotein; K-877, (2R)-2- [3-({(1,3-benzoxazol-2-yl) [3-(4-methoxyphenoxy) propyl]amino}methyl)phenoxy] butanoic acid; LCAT, lecithin-cholesterol acyltransferase; LDL, low-density lipoprotein; LDL-C, low-density lipoprotein cholesterol; Lp(a), lipoprotein(a); LPL, lipoprotein lipase; MTP, microsomal triglyceride transfer protein; NEFA, nonesterified fatty acid; PCSK9, proprotein convertase subtilisin/kexin type 9; PPARa, peroxisome proliferator-activated receptor a; rHDL, reconstituted highdensity lipoprotein; SREBP, sterol regulatory element binding protein; 
New Era of Lipid-Lowering Drugs and 7) inhibition of cholesteryl ester transfer protein, which not only reduces the concentration of atherogenic lipoproteins but also increases the level and function of the potentially antiatherogenic HDL fraction. Other new therapies that specifically target HDLs include infusions of reconstituted HDLs, HDL delipidation, and infusions of apoA-I mimetic peptides that mimic some of the functions of HDLs. This review describes the scientific basis and rationale for developing these new therapies and provides a brief summary of established therapies.
I. Introduction
Relationships between plasma lipids and lipoproteins and the risk of having an atherosclerotic cardiovascular disease (ASCVD) event have been observed in human population studies for many years. Furthermore, there is an overwhelming body of evidence showing that interventions that target plasma lipids and lipoproteins have the potential to reduce ASCVD risk. It was shown 40 years ago that treatment with niacin reduced the risk of having an ASCVD event in high-risk men (Coronary Drug Project Research Group, 1975) . It is more than 30 years since publication of the Coronary Primary Prevention Trial, which showed that reducing the concentration of low-density lipoprotein cholesterol (LDL-C) by treatment with cholestyramine significantly reduced the risk of having a coronary event (Lipid Research Clinics, 1984) . It is 28 years since the Helsinki Heart Study, which was conducted in men with increased levels of atherogenic lipoproteins, revealed a significant reduction in ASCVD events after treatment with the fibrate, gemfibrozil (Frick et al., 1987) . Finally, it is more than 20 years since publication of the Scandinavian Simvastatin Survival Study, which showed that treatment with simvastatin reduced ASCVD morbidity and mortality in men with elevated levels of LDL-C (Scandinavian Simvastatin Survival Study Group, 1994) .
However, despite the ability of these agents to lower LDL-C and reduce ASCVD risk, many high-risk people have levels of LDL-C that remain unacceptably high despite being treated with maximally tolerated doses of statins and other lipid-lowering agents. A residual risk of having an ASCVD event in statin-treated people may also relate to other lipid abnormalities, such as elevated levels of triglyceride-rich lipoproteins, elevated levels of lipoprotein(a) [Lp(a)], and low levels of high-density lipoproteins (HDLs). The presence of residual risk has fueled the search for additional approaches to target plasma lipids and lipoproteins to further reduce the risk of having an ASCVD event.
The first part of this review summarizes current knowledge of established lipid-modifying agents. The remainder of the review focuses on the development of novel agents with the potential to reduce the residual ASCVD risk that persists in many people who are treated with established lipid-modifying agents.
II. Established Therapies
A. Inhibitors of 3-Hydroxy-3-Methylglutaryl -Coenzyme A Reductase
Statins inhibit 3-hydroxy-3-methylglutaryl-CoA reductase, the rate-limiting enzyme in cholesterol synthesis. Inhibition of cell cholesterol synthesis by statins transiently reduces the concentration of cholesterol in cells, which activates the sterol regulatory element binding protein (SREBP)-2. This leads to increased expression of the low-density protein (LDL) receptor on the cell surface, a consequent increase in the uptake of LDLs by the cell, and thus a decrease in the plasma concentration of LDL-C.
The availability of statins as agents to lower the level of LDL-C has revolutionized the management of people at risk of having an ASCVD event. Treatment with statins reduces the concentration of LDL-C by up to 50% and has been shown in many randomized, double-blind clinical outcome trials to reduce the risk of having a future ASCVD event (Baigent et al., 2010) .
However, many people continue to have levels of LDL-C that are higher than desirable despite taking maximal tolerated doses of statins. These people remain at an unacceptably high risk of having an ASCVD event, indicating that there is a need for using additional LDL-C-lowering agents in many statin-treated people. This need is met to some extent by the currently available agents as outlined below.
B. Inhibitors of Cholesterol Absorption
Niemann-Pick C1-Like 1 (NPC1L1) is a protein in intestinal cells that promotes the absorption of cholesterol. Mutations of the NPC1L1 gene that result in loss of function of NPC1L1 are associated with lower concentrations of LDL-C and a significantly reduced risk of having an ASCVD event (Stitziel et al., 2014) .
Inhibition of NPC1L1 by ezetimibe reduces the intestinal absorption of cholesterol, lowers the concentration of LDL-C, and reduces ASCVD events (Cannon et al., 2015) .
C. Fibrates
Fibrates (Staels et al., 1998) have been in use for more than 50 years. They target and activate the hormoneactivated nuclear receptor, peroxisome proliferatoractivated receptor a (PPARa). This increases the oxidation of free fatty acids in the liver and reduces the hepatic synthesis of triglyceride. Activation of PPARa also induces expression of lipoprotein lipase (LPL), the enzyme responsible for hydrolyzing 460 triglycerides and phospholipids in very low-density lipoproteins (VLDLs) and chylomicrons (Heller and Harvengt, 1983) . Thus, activators of PPARa reduce the level of plasma triglyceride by the combined effects of reducing its synthesis and increasing its rate of hydrolysis. Activation of PPARa also inhibits synthesis of apolipoprotein (apo) C-III (Staels et al., 1995) , an apolipoprotein that delays the catabolism of triglyceride-rich lipoproteins. Fibrates also increase the concentration of high-density lipoprotein cholesterol (HDL-C) and increase synthesis of both apoA-I and apoA-II, the two main HDL apolipoproteins, by a mechanism that is not fully understood.
The results of clinical outcome trials of fibrates have varied. Positive results were obtained for gemfibrozil in primary prevention in the Helsinki Heart Study (Frick et al., 1987) and in secondary prevention in the Veterans Affairs High-Density Lipoprotein Cholesterol Intervention Trial (Rubins et al., 1999) . A neutral result was obtained for bezafibrate in secondary prevention in the Bezafibrate Infarction Prevention Study (Bezafibrate Infarction Prevention Study Group, 2000) and for fenofibrate in people with diabetes in the Fenofibrate Intervention and Event Lowering in Diabetes (Keech et al., 2005) and Action to Control Cardiovascular Risk in Diabetes (Ginsberg et al., 2010) studies. It should be noted that in the Fenofibrate Intervention and Event Lowering in Diabetes trial, there was a significantly greater use of statin therapy in patients allocated placebo than in those taking fenofibrate; in the Action to Control Cardiovascular Risk in Diabetes trial, patients in both the placebo and fenofibrate groups were taking a statin. Post hoc analyses of the fibrate trials have consistently shown that people with high levels of plasma triglyceride and low levels of HDL-C derive a disproportionately large benefit when treated with these agents in terms of a reduction in cardiovascular events. These analyses indicate that there is a clear need for a clinical cardiovascular outcome trial using fibrates in such individuals.
New selective PPARa agonists that are in current development are discussed below.
D. Bile Acid Sequestering Agents
Bile acid sequestering agents have been used to reduce the concentration of LDL-C for many years. They act by binding to bile acids in the intestine, thus preventing their reabsorption. This results in increased formation of bile acids from cholesterol in hepatocytes, which transiently reduces cellular cholesterol levels and increases synthesis of LDL receptors. This increases the hepatic uptake of LDL from plasma and reduces the plasma concentration of LDL-C.
Treatment with the bile acid sequestering agent, cholestyramine, resulted in a significant reduction in clinical cardiovascular events in the Coronary Primary Prevention Trial (Lipid Research Clinics, 1984 ).
E. Niacin
Niacin has been used to modify plasma lipid levels for more than 50 years. When given in pharmacological doses, niacin reduces the level of plasma triglyceride by about 35%, reduces LDL-C levels by 10%-15%, and increases the concentration of HDL-C by up to 25%. The precise mechanism of these effects remains uncertain. The reduction in plasma triglycerides may be the consequence of the ability of niacin to inhibit the release of nonesterified fatty acids (NEFAs) from adipose tissue. This results in a decrease in the plasma concentration of NEFAs, reduced hepatic uptake of NEFAs, and reduced formation of triglycerides in the liver. The mechanism by which niacin decreases LDL-C levels and increases HDL-C levels is not known.
In a trial conducted in the prestatin era, treatment with niacin significantly reduced ASCVD events (Coronary Drug Project Research Group, 1975) . However, in two recent large, randomized clinical outcome trials conducted in people taking statins, treatment with niacin did not reduce ASCVD events (Boden et al., 2011; Landray et al., 2014) .
F. Omega-3 Fatty Acids
Omega-3 fatty acids decrease the hepatic synthesis and secretion of VLDLs (Madsen et al., 1999) . They also inhibit lipogenesis (Davidson, 2006) and increase LPL activity (Weintraub et al., 1988) , which reduces the concentration of plasma triglycerides. There is also evidence that omega-3 fatty acids have antiinflammatory effects that may improve the stability of atherosclerotic plaques (von Schacky et al., 1999; Thies et al., 2003) . Omega-3 fatty acids are also antiarrhythmic (Billman et al., 1994 ).
An open-label study from Japan showed that treatment with omega-3 fatty acids reduced the risk of having an ASCVD event (Yokoyama et al., 2007) . The effect of omega-3 fatty acids on ASCVD risk is currently being evaluated in two ongoing randomized clinical outcome trials.
III. New Therapies
Agents in current development will be presented under two headings: 1) those that target atherogenic lipoproteins and 2) those that target the potentially cardioprotective HDLs.
A. Therapies That Target Atherogenic Lipoproteins
Atherogenic lipoproteins include LDLs and the catabolic remnants of triglyceride-rich lipoproteins. Novel agents that decrease plasma levels of these lipoprotein fractions include proprotein convertase subtilisin/kexin type-9 (PCSK9) inhibitors, microsomal triglyceride transfer protein (MTP) inhibitors, and cholesteryl ester transfer protein (CETP) inhibitors. Other agents that New Era of Lipid-Lowering Drugs inhibit the synthesis of apoB, adenosine triphosphate citrate lyase (ACL), apoC-III, and apo(a) have also been developed.
1. Proprotein Convertase Subtilisin/Kexin Type 9 Inhibition. a. Rationale. PCSK9 is an enzyme that degrades the LDL receptor. It decreases the number of LDL receptors on the surface of liver cells and thus increases the plasma concentration of LDL-C and apoB. Gain-offunction mutations in the PCSK9 gene increase the plasma concentration of LDL-C and apoB, whereas lossof-function mutations decrease LDL-C and apoB levels and reduce ASCVD risk. Overexpression of PCSK9 in mice increases susceptibility to atherosclerotic lesion development. Inhibition of PCSK9 in humans results in a major reduction in the plasma concentrations of LDL-C and apoB.
b. What Is Proprotein Convertase Subtilisin/Kexin Type 9? The existence of PCSK9 was first reported by Seidah et al. (2003) , when it was identified as proprotein convertase neural apoptosis-regulated convertase 1. Since then, there has been an explosion of information about PCSK9, with more than 1000 articles being published, including several comprehensive reviews of its function, regulation, and the consequences of its inhibition (Horton et al., 2009; Catapano and Papadopoulos, 2013; Poirier and Mayer, 2013; Urban et al., 2013; Seidah et al., 2014; Stawowy, 2015) .
PCSK9 is a 692-amino acid proteinase K-like serine protease that is expressed mainly in the liver but also in the small intestine and kidney (Zaid et al., 2008) . After cleavage of its signal peptide (amino acids 1-30) in the endoplasmic reticulum, the resulting proPCSK9 (amino acids 31-692) cleaves itself to release the mature enzyme (amino acids 153-692). Mature PCSK9 remains noncovalently bound to its inhibitory prosegment (amino acids 32-152), forming an inactive complex that is secreted from the cell (Benjannet et al., 2004; Cunningham et al., 2007) . This PCSK9 complex binds to target proteins, including the LDL receptor, which are then degraded in intracellular compartments. One target of PCSK9 is the LDL receptor on the surface of hepatocytes (Benjannet et al., 2004; Maxwell and Breslow, 2004; Park et al., 2004) .
c. Function of Proprotein Convertase Subtilisin/ Kexin Type 9. The major pathway for removal of LDLs from plasma is via LDL receptors residing on the surface of hepatocytes (Dietschy et al., 1993) . LDLs in plasma bind to LDL receptors to form complexes that are endocytosed into the cell. The lower intracellular pH dissociates LDLs from the LDL receptor, leaving the receptor to recycle back to the cell surface. The dissociated LDLs enter the lysosomal compartment where they are degraded. The cholesterol that is released during LDL degradation is metabolized by the cell (Fig. 1A) . It has been estimated that each LDL receptor recycles between intracellular compartments and the cell surface about 150 times (Goldstein et al., 1985) .
Binding of PCSK9 to the LDL receptor at the cell surface prevents recycling of the LDL receptor (Fig. 1B ). When an LDL particle interacts with an LDL receptor to which PCSK9 is already bound, a complex consisting of PCSK9, an LDL receptor, and an LDL particle is formed. This complex enters the cell, where PCSK9 prevents LDL from dissociating from the LDL receptor and the entire complex (including the LDL receptor) is directed toward lysosomes for degradation (Benjannet et al., 2004; Nassoury et al., 2007) . This prevents the LDL receptor from recycling back to the cell surface, thus reducing the number of cell surface LDL receptors, decreasing the removal of LDLs from plasma, and increasing the plasma concentration of LDL-C.
d. Proprotein Convertase Subtilisin/Kexin Type 9 Gene Mutations and Atherosclerotic Cardiovascular Disease. In 2003, three families were identified with autosomal dominant hypercholesterolemia and premature coronary heart disease that was caused by gain-offunction mutations in the PCSK9 gene (Abifadel et al., 2003) . Subsequent studies in humans identified loss-offunction mutations in the PCSK9 gene that were associated with reduced levels of LDL-C (Cohen et al., 2005; Horton et al., 2007) and a significant reduction in ASCVD risk Benn et al., 2010) . These loss-of-function mutations in the PCSK9 gene were associated with a 15%-28% reduction in LDL-C levels and a risk of having a coronary heart disease event that was 47%-88% lower than in people without the mutations.
e. Regulation of Proprotein Convertase Subtilisin/ Kexin Type 9. PCSK9 is regulated by SREBPs (Horton et al., 2007) (Fig. 2) . SREBPs are transcription factors that regulate transcription of enzymes involved in sterol biosynthesis. The SREBP isoform, SREBP-2, specifically regulates genes involved in cholesterol metabolism (Yang et al., 1994) . Suppression of SREBP-2 by cholesterol feeding reduces hepatic PCSK9 mRNA levels in mice (Jeong et al., 2008) . Conversely, decreasing the level of intracellular cholesterol by treatment with a statin activates SREBP-2, an effect that increases the expression of not only the LDL receptor but also PCSK9 (Careskey et al., 2008; Welder et al., 2010) . This statin-induced increase in PCSK9 expression opposes the statin-induced increase in LDL receptor expression on the cell surface and limits the ability of statins to reduce the concentration of LDL-C. Inhibitors of PCSK9 therefore not only reduce LDL-C in their own right but also have the potential to enhance the LDL-Clowering efficacy of statins.
Inhibition of PCSK9 is thus an extremely attractive strategy for reducing the concentration of LDL-C, whether given as monotherapy or as add-on therapy for people taking statins.
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Barter and Rye f. Development of Inhibitors of Proprotein Convertase Subtilisin/Kexin Type 9. Several approaches have been used to develop inhibitors of PCSK9 for use as antiatherosclerotic agents in humans. These include anti-PCSK9 monoclonal antibodies that bind to and neutralize PCSK9 in plasma, mimetic peptides and adnectins that act as competitive inhibitors of PCSK9, and gene silencing that reduces PCSK9 gene transcription.
The development of anti-PCSK9 monoclonal antibodies is much more advanced than any of the other approaches that target atherogenic lipoproteins, with multiple phase I, phase II, and phase III clinical trials now reported. Several large randomized clinical outcome trials designed to assess the effect of anti-PCSK9 monoclonal antibodies on the risk of having an ASCVD event are now underway.
g. Anti-Proprotein Convertase Subtilisin/Kexin Type 9 Monoclonal Antibodies. Monoclonal antibodies have been used as therapeutic agents to treat a number of conditions, including cancers and autoimmune diseases. One advantage of monoclonal antibodies over LDLs bind to LDL receptors on the surface of cells to form a complex containing an LDL particle bound to an LDL receptor. This complex is taken up by the cell, where the low pH dissociates the LDL receptor from the complex. The LDL enters a lysosome, where it is degraded, leaving the LDL receptor to recycle to the cell surface to bind another LDL particle. (B) Effects of PCSK9 on LDL receptor activity. PCSK9 is synthesized mainly in the liver and is secreted into plasma, where it binds to LDL receptors on the surface of cells. When LDL binds to an LDL receptor to which PCSK9 is already bound, a complex consisting of the LDL receptor, LDL, and PCSK9 is formed. When this complex enters the cell, PCSK9 blocks the dissociation of the LDL receptor from the complex, which is directed in its entirety to lysosomes for degradation. This prevents recycling of the LDL receptor to the cell.
New Era of Lipid-Lowering Drugs other therapeutic approaches is the specificity of the antibody for its target antigen. Administration of murine antibodies to humans tends to induce the formation of antimouse antibodies with a consequent loss of efficacy. Administration of murine monoclonal antibodies to humans can also lead to hypersensitivity reactions. This problem has been largely overcome by the use of fully human or humanized monoclonal antibodies that have reduced immunogenicity and are mostly free of the problems encountered with murine antibodies. Fully human and humanized monoclonal antibodies are generally well tolerated, with adverse events tending to be target related rather than related to the antibody itself.
To date, results of the effects of three anti-PCSK9 monoclonal antibodies in humans have been reported. Evolocumab and alirocumab are fully human monoclonal antibodies, whereas bococizumab is a humanized monoclonal antibody. When administered subcutaneously at two to four weekly intervals, these agents are well tolerated and reduce the plasma concentration of PCSK9 by up to 80%, with concentrations of LDL-C and apoB being reduced by up to 60% (Giugliano et al., 2012; Koren et al., 2012 Koren et al., , 2014 McKenney et al., 2012; Raal et al., 2012; Roth et al., 2012; Stein et al., 2012; Sullivan et al., 2012; Ballantyne et al., 2015; Zhang et al., 2015) . These agents also reduce the concentration of Lp(a) (Stein et al., 2014) by an unknown mechanism.
h. Effects of Anti-Proprotein Convertase Subtilisin/ Kexin Type 9 Monoclonal Antibodies on Atherosclerotic Cardiovascular Disease Risk in Humans. Post hoc, exploratory analyses of studies with evolocumab (Sabatine et al., 2015) and alirocumab (Robinson et al., 2015) have added a degree of confidence to the proposition that treatment with anti-PCSK9 monoclonal antibodies not only markedly reduce the concentration of LDL-C but will also reduce the risk of having a clinical ASCVD event. The results of large-scale randomized clinical outcome studies with evolocumab (ClinicalTrials.gov NCT01764633), alirocumab (ClinicalTrials.gov NCT01663402), and bococizumab (ClinicalTrials.gov NCT01975389 and NCT01975376) are awaited with great interest.
i. Inhibition of Proprotein Convertase Subtilisin/ Kexin Type 9 Synthesis by Gene Silencing. Agents that inhibit the synthesis of PCSK9 in mice include a PCSK9 antisense oligonucleotide (ASO) that reduces plasma cholesterol levels by 53% (Graham et al., 2013) , and a locked nucleic acid ASO that decreases PCSK9 mRNA levels and increases LDL receptor expression (Gupta et al., 2010) . A PCSK9 locked nucleic acid ASO that reduces plasma LDL-C and hepatic cholesterol levels in nonhuman primates is in development (Lindholm et al., 2012 ) and a PCSK9 small interfering RNA that reduces LDL-C levels in nonhuman primates has also been reported (Frank-Kamenetsky et al., 2008) . Results of trials in which these agents have been used in humans are awaited with great interest.
2. Inhibition of Apolipoprotein B Synthesis. a. Rationale. ApoB is an essential component of both VLDLs and LDLs. Familial hypobetalipoproteinemia (FHBL) is a rare disorder caused by an autosomal codominant mutation in the gene for apoB that results in the formation of a truncated form of apoB and very low levels of apoB-containing lipoproteins in plasma. Inhibition of apoB synthesis decreases the plasma concentration of all apoB-containing lipoproteins. Inhibition of apoB synthesis has the potential to reduce the concentration of apoB-containing lipoproteins in people with homozygous familial hypercholesterolemia (hoFH) who lack functional LDL receptors and thus do not respond to agents such as statins and PCSK9 inhibitors that lower the level of apoB-containing lipoproteins by increasing the number of LDL receptors on the cell surface.
b. What Is Apolipoprotein B? ApoB is the main protein component of all atherogenic lipoproteins. In its absence, VLDLs and their catabolic products, LDLs, cannot be formed. Inhibition of the synthesis of apoB is thus a logical therapeutic target for reducing the concentration of apoB-containing lipoproteins, especially in people who do not have functioning LDL receptors.
c. Familial Hypobetalipoproteinemia. FHBL is a rare disorder caused by an autosomal, codominant mutation in the gene for apoB, which results in the synthesis of a truncated form of apoB. People who are homozygous for this condition have very low plasma concentrations of LDL-C and apoB (Cefalù et al., 2015) . Affected individuals also have fat malabsorption, retinitis pigmentosa, and acanthocytosis. Those with severe homozygous FHBL also have coagulopathy, bone abnormalities, fatty liver, and neurologic deficits (Lee and Hegele, 2014) . Heterozygotes have decreased levels of LDL-C and apoB and are usually asymptomatic. d. Inhibition of Apolipoprotein Synthesis. Mipomersen is an ASO that inhibits apoB-100 synthesis in the liver. A 300-mg dose of mipomersen reduced apoB levels by 33%-54%, LDL-C levels by 34%-52%, and Lp(a) levels by 24% (Kastelein et al., 2006; Akdim et al., 2010a,b; Raal et al., 2010) . However, mipomersen administration has been associated with frequent adverse effects in those receiving the agent, including severe injection site reactions in 72%-97% of subjects, flu-like reactions in 25%-29%, headache in 15%-31%, and liver enzyme elevation in 3%-17% (Kastelein et al., 2006; Akdim et al., 2010a,b; Raal et al., 2010 (Wetterau et al., 1992; Sharp et al., 1993) .
In this condition, apoB is not lipidated in the endoplasmic reticulum of hepatocytes and enterocytes. This inhibits the formation of chylomicrons and VLDLs. Although affected individuals have normal synthesis of apoB, all of their nonlipidated apoB is degraded in proteasomes. Since IDLs and LDLs are catabolic products of VLDLs, the failure to form VLDLs also prevents the formation of IDLs and LDLs. Affected individuals have the same problems as those with homozygous FHBL, including fat malabsorption, retinitis pigmentosa, acanthocytosis, coagulopathy, bone abnormalities, fatty liver, and neurologic deficits (Lee and Hegele, 2014) d. Inhibition of Microsomal Triglyceride Transfer Protein. Lomitapide is a small molecule that inhibits lipid transfer to apoB by binding to MTP. Inhibition of MTP by treatment with lomitapide in Watanabe heritable hyperlipidemic rabbits that do not have LDL receptors reduces plasma cholesterol levels (Shiomi and Ito, 2001) . Treatment with lomitapide also reduces the concentration of LDL-C in humans (Cuchel et al., 2013) .
In a small 78-week study of patients with hoFH who lack functioning LDL receptors, treatment with lomitapide reduced the concentration of LDL-C by 40%-50% (Cuchel et al., 2013) . As predicted, adverse effects were observed in most of the patients, including gastrointestinal symptoms, elevations of liver transaminases, and an increase in liver fat. Despite these adverse effects, lomitapide has been approved in the United States for treatment of people with hoFH.
4. Adenosine Triphosphate Citrate Lyase Inhibition. a. Rationale. ACL catalyzes the cleavage of citrate to oxaloacetate and acetyl-CoA. Acetyl-CoA is a substrate for both fatty acid and cholesterol synthesis. Inhibition of ACL decreases the synthesis of cholesterol. Inhibition of ACL in humans reduces the concentration of LDL-C and apoB.
b. What Is Adenosine Triphosphate Citrate Lyase and What Does It Do? ACL is a cytosolic enzyme expressed in liver and adipose tissue (Elshourbagy et al., 1990) . ACL catalyzes a reaction in which citrate and CoA are converted into acetyl-CoA and oxaloacetate. Acetyl-CoA is an essential substrate in the pathway of cholesterol synthesis that is upstream from 3-hydroxy-3-methylglutaryl-CoA, the molecular target of statins (Fig. 3) .
c. Inhibition of Adenosine Triphosphate Citrate Lyase. Pharmacological inhibition of ACL by treatment with ETC-1002 (8-hydroxy-2,2,14,14-tetramethylpentadecanedioic acid) reduces cytosolic acetyl-CoA (Pinkosky et al., 2013) . This decreases hepatic sterol synthesis, upregulates the LDL receptor, and reduces plasma LDL-C levels (Ballantyne et al., 2013) . ETC-1002 also activates AMP, Fig. 3 . Inhibition of ACL by ETC-1002. ACL catalyzes the conversion of citrate plus CoA to acetyl-CoA plus oxaloacetate. Acetyl-CoA is then converted in a series of steps to HMG-CoA, which is converted by HMG-CoA reductase into mevalonic acid. This is the rate-limiting step in the formation of cholesterol. Mevalonic acid is subsequently converted in a number of additional steps into cholesterol. ETC-1002 inhibits ACL, whereas statins inhibit HMG-CoA reductase. HMG, 3-hydroxy-3-methylglutaryl.
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In animal models, ETC-1002 decreases plasma levels of both cholesterol and triglycerides, decreases liver fat, improves glycemic control, and reduces atherosclerosis (Cramer et al., 2004; Pinkosky et al., 2013) . ETC-1002 is well tolerated in humans, with no apparent adverse effects (Ballantyne et al., 2013; Thompson et al., 2015) . When given at dosages of 40, 80, and 120 mg/d, ETC-1002 reduces LDL-C levels by 18%, 25%, and 27%, respectively (Ballantyne et al., 2013) . It also dosedependently reduces levels of non-HDL-C and apoB as well as LDL particle number. Administration of ETC-1002 to humans has beneficial effects on insulin levels, C-reactive protein, and blood pressure (Ballantyne et al., 2013) .
The long-term tolerability and safety of ACL inhibition and its effects on ASCVD risk will not be known until results of randomized clinical outcome trials are reported.
5. Inhibition of Lipoprotein(a) Synthesis. a. Rationale. Elevated plasma levels of Lp(a) are associated with an increased risk of having an ASCVD event. Polymorphisms of the gene that encodes for Lp (a), LPA, that increase plasma levels of Lp(a) are associated with an increased risk of having an ASCVD event. This is indicative of a causal relationship. Interventions that reduce the level of Lp(a) in plasma are therefore predicted to reduce ASCVD risk.
b. What Is Lipoprotein(a) and What Does It Do? Lp(a) is a plasma lipoprotein consisting of an LDL particle to which an apo(a) molecule is attached via a disulfide bond. Evidence that Lp(a) is an independent, causal risk factor for myocardial infarction, stroke, peripheral arterial disease, and calcific aortic valve stenosis has come from epidemiologic, genetic association, and Mendelian randomization studies (Clarke et al., 2009; Erqou et al., 2009; Thanassoulis et al., 2013; Kamstrup et al., 2014) . The mechanisms by which Lp(a) contributes to ASCVD are uncertain but may relate to known effects of apo(a), which is prothrombotic, impairs fibrinolysis, activates endothelial cells, and transports proinflammatory, oxidized phospholipids (Bergmark et al., 2008; Spence and Koschinsky, 2012; Kronenberg and Utermann, 2013) .
The evidence that Lp(a) causes ASCVD has stimulated a search for therapies that reduce the level of Lp(a) in plasma. Inhibitors of both PCSK9 and CETP reduce plasma Lp(a) by approximately 30%. An almost 80% reduction in plasma levels of Lp(a) has been achieved with ASOs that inhibit apo(a) synthesis. Apo(a) ASOs also reduce the levels of oxidized phospholipids that are associated with apoB-100 and apo(a) (Tsimikas et al., 2015) .
Time will tell whether a therapeutic reduction in plasma levels of Lp(a) translates into a reduction in ASCVD events.
6. Targeting Peroxisome Proliferator-Activated Receptor a. Currently available PPARa agonists have an efficacy that is limited by dose-related adverse effects that include aminotransferase elevations, muscle-associated adverse effects (especially when gemfibrozil is coadministered with a statin), and elevations of serum creatinine and homocysteine. This problem has been addressed by the development of potent and selective PPARa modulators that separate the benefits of PPARa agonists from the unwanted side effects of existing fibrates (Fruchart, 2013; Khera et al., 2015) . One of these is pemafibrate [previously known as K-877 or (2R)-2-[3-({(1,3-benzoxazol-2-yl)[3-(4-methoxyphenoxy)propyl]amino}methyl)phenoxy] butanoic acid], a selective PPARa modulator that has greater PPARa-activating efficacy compared with fenofibrate and achieves greater reductions in plasma triglyceride and greater increases in HDL-C levels but has a reduced incidence of adverse effects (Fruchart, 2013) . Plans to conduct the Pemafibrate to Reduce Cardiovascular Outcomes by Reducing Triglycerides in Diabetic Patients trial have recently been announced. This will be a multicenter cardiovascular clinical outcomes trial to be conducted in approximately 10,000 statin-treated patients with diabetes who have elevated levels of plasma triglyceride and low levels of HDL-C. The results of this trial are awaited with great interest and anticipation.
7. Cholesteryl Ester Transfer Protein Inhibition. a. Rationale. CETP transfers cholesteryl esters from the nonatherogenic HDL fraction to potentially proatherogenic non-HDL fractions. Inhibition of CETP in humans decreases the concentration of LDL-C while increasing levels of HDL-C. CETP gene polymorphisms that associate with decreased CETP activity in humans are accompanied by reduced ASCVD risk. Inhibition of CETP in rabbits inhibits development of atherosclerosis.
b. What Is Cholesteryl Ester Transfer Protein and What Does It Do? Inhibition of CETP as a strategy to reduce ASCVD risk remains under investigation despite the failure of human clinical outcome trials with three different CETP inhibitors. CETP inhibitors increase the concentration of HDL-C by up to 180%. They also reduce the level of LDL-C by 0%-45% and apoB by 0%-34% over and above what can be achieved with a statin. The mechanism by which CETP inhibitors lower the plasma level of LDL-C and apoB is not known with certainty. At the simplest level, the lowering of LDL-C by CETP inhibitors may be the consequence of a decreased transfer of cholesteryl esters from the HDL fraction into the LDL fraction. However, there is also evidence of an increased rate of removal of LDLs from plasma , which suggests that the number of LDL receptors in the liver may be increased. There have been reports of some CETP inhibitors also inhibiting the synthesis of PCSK9 in what appears to be an effect that is unrelated to the inhibition of CETP (van der . Neither the mechanism nor the clinical significance of this observation is known.
CETP inhibition as a strategy to reduce ASCVD risk by increasing HDL-C levels is described in detail below in the section on agents that target HDLs.
8. Inhibition of Apolipoprotein C-III Synthesis. a. Rationale. ApoC-III is a proinflammatory protein that increases the concentration of triglyceride-rich lipoproteins and their atherogenic, catabolic remnants. An elevated level of apoC-III in apoB-containing lipoproteins is an independent predictor of the risk of having an ASCVD event. Overexpression of human apoC-III in transgenic mice increases plasma triglyceride levels and susceptibility to atherosclerosis. An increased concentration of HDLs that do not contain apoC-III is associated with a decreased risk of having an ASCVD event, whereas HDLs that do contain apoC-III are associated with an increased risk of having an ASCVD event. Loss-of-function mutations in the APOC3 gene are associated with a significantly reduced risk of having an ASCVD event.
b. What Is Apolipoprotein C-III and What Does It Do? ApoC-III is synthesized mainly in the liver and circulates in plasma as a component of all lipoprotein fractions (Jong et al., 1999) . It inhibits LPL (Wang et al., 1985; Larsson et al., 2013) , which reduces the lipolysis of triglyceride-rich lipoproteins and increases the concentration of plasma triglyceride. It also inhibits hepatic lipase (Kinnunen and Ehnolm, 1976) and thus reduces the catabolism of triglyceride-rich lipoprotein remnants. ApoC-III also inhibits the hepatic uptake of atherogenic triglyceride-rich lipoprotein remnants (Windler and Havel, 1985) . The plasma concentration of apoC-III is increased in people with metabolic syndrome and insulin resistance (Olivieri et al., 2003; Altomonte et al., 2004) .
ApoC-III, whether as a free apolipoprotein or as a component of VLDLs, activates the master regulator of inflammation, nuclear factor-kB, which in turn upregulates vascular cell adhesion molecule-1 expression and increases the adhesion of monocytes to vascular endothelial cells (Kawakami et al., 2006a) . ApoC-III also affects HDL function. Although HDLs without apoC-III inhibit the adhesion of monocytes to endothelial cells, HDLs that contain apoC-III do not have this effect (Kawakami et al., 2006b ). This may explain the observation that, in contrast with HDLs that do not contain apoC-III, higher concentrations of HDLs that contain apoC-III are associated with an increased ASCVD risk (Jensen et al., 2012) .
c. Genetic Variants of Apolipoprotein C-III and Atherosclerotic Cardiovascular Disease Risk. The case for developing inhibitors of apoC-III synthesis has been strengthened by the results of two large genetic studies, one conducted in Denmark in people of mainly European origin (Jørgensen et al., 2014) and the other conducted in the United States in people of European and African origin (Crosby et al., 2014) . In both studies, people with loss-of-function mutations in the APOC3 gene had a significantly reduced risk of having an ASCVD event.
d. Therapies That Reduce Plasma Levels of Apolipoprotein C-III. Fibrates reduce the concentration of apoC-III (Staels et al., 1995) , an effect that may contribute to the ability of these agents to reduce ASCVD events in people with hypertriglyceridemia (Barter and Rye, 2008) . However, the fact that fibrates have many other effects makes it difficult to draw any firm conclusions about their effect on apoC-III.
A more targeted approach to reducing plasma levels of apoC-III has been provided by the development of volanesorsen, an antisense inhibitor of apoC-III synthesis (Graham et al., 2013) . When people with severe hypertriglyceridemia, including those with a deficiency of LPL, are treated with this inhibitor, the resulting decrease in apoC-III plasma levels is accompanied by a major reduction in plasma triglyceride levels and a substantial increase in concentration of HDL-C (Gaudet et al., 2014 (Gaudet et al., , 2015 .
The effects of inhibiting apoC-III synthesis on ASCVD risk remain to be established.
B. Therapies That Target High-Density Lipoprotein
The concentration of HDL-C is a robust inverse predictor of the risk of having an ASCVD event (Di Angelantonio et al., 2009) . Increasing the concentration of HDL in plasma with HDL infusions, or by overexpressing apoA-I, reduces atherosclerosis in mice (Rubin et al., 1991; Plump et al., 1994) and rabbits (Badimon et al., 1990; Duverger et al., 1996) .
In a proof-of-concept study in humans, infusion of a preparation of reconstituted high-density lipoproteins (rHDLs) reduced coronary atheroma burden as assessed by intravascular ultrasonography (Nissen et al., 2003) . HDLs also have several potentially cardioprotective properties (Rye and Barter, 2014) , including promotion of the efflux of cholesterol from macrophages and inhibition of vascular inflammation. HDLs also have antioxidant and antithrombotic effects. In addition, they increase the synthesis and secretion of insulin in pancreatic b cells, improve insulin sensitivity, enhance endothelial function, and promote angiogenesis.
It should be emphasized that the cholesterol transported in HDLs does not protect against ASCVD. Rather, if HDLs do protect, it is probably a consequence of one or more of the functions of HDLs. It is possible that in some disease states, and after treatment with some HDL-raising agents, HDLs may be dysfunctional (Rosenson et al., 2016) , in which case the concentration of HDL-C may no longer be a marker of HDL function.
Results from animal studies provide a compelling case for targeting the HDL fraction as a strategy to reduce ASCVD risk. However, there is still no evidence New Era of Lipid-Lowering Drugs in humans that HDL-raising interventions translate into a reduction in the risk of having an ASCVD event.
1. Reconstituted High-Density Lipoprotein Infusions. a. Rationale. rHDLs have many potentially cardioprotective properties. Infusion of rHDLs into animals inhibits vascular inflammation and promotes regression of atherosclerosis. Infusion of rHDLs into humans promotes regression of coronary atheroma.
b. What Are Reconstituted High-Density Lipoproteins? rHDLs are complexes of apoA-I and phospholipids. They are structurally similar to the discoidal, nascent HDLs that are secreted into plasma by the liver. rHDLs possess many of the functions of the mature, spherical HDLs that predominate in normal human plasma.
rHDLs are especially effective as acceptors of the cholesterol that is released from cells via the ATP binding cassette transporter, ABCA1 (Favari et al., 2009; Du et al., 2015) . They also possess antiinflammatory (Wu et al., 2013) and antioxidant (Tabet et al., 2011) properties, promote endothelial repair (Tso et al., 2006) , and enhance endothelial function (Nieuwdorp et al., 2008) . Most importantly, they also inhibit the development of atherosclerosis in animal models (Shah et al., 1998) and in humans (Nissen et al., 2003; Tardif et al., 2007) .
Two forms of apoA-I have been used in rHDLs. One is monomeric apoA-I, which is present in the HDL fraction of most humans. The other is a dimeric form of apoA-I (apoA-I Milano ) that may have an enhanced ability to promote the efflux of cholesterol from cells. People who carry the apoA-I Milano mutation were first identified in Limone sul Garda, a small town near Milan in Italy. People with the apoA-I Milano mutation have low plasma concentrations of HDL-C and apoA-I but are not at increased risk of ASCVD (Sirtori et al., 2001) . Infusions of rHDLs containing apoA-I Milano promote regression of atheroma in animal models (Shah et al., 1998) .
In a proof-of-concept study in humans, five weekly infusions of rHDLs containing apoA-I Milano resulted in significant regression of coronary atheroma as assessed by intravascular ultrasonography (Nissen et al., 2003) . Another study of rHDLs containing monomeric apoA-I gave similar results (Tardif et al., 2007) . A third rHDL preparation consisting of complexes of recombinant human apoA-I with two naturally occurring phospholipids (egg sphingomyelin and dipalmitoylphosphatidylglycerol) has been tested in humans, with evidence that it promotes coronary atheroma regression when infused at a low dose (Tardif et al., 2014) .
Investigation of rHDLs as agents with the potential to promote regression of coronary atheroma is ongoing.
2. High-Density Lipoprotein Delipidation. a. Rationale. Selective delipidation of HDLs generates particles that are especially effective as acceptors of cholesterol from macrophages. In a proof-of-concept study conducted in humans, infusion of delipidated HDLs resulted in a trend toward regression of coronary atheroma volume.
b. What Is High-Density Lipoprotein Delipidation? The concentration of pre-b-migrating HDL particles is markedly increased by a technique of plasma selective delipidation that converts a-migrating spherical HDL particles into lipid-poor, pre-b-migrating discoidal HDL particles that enhance reverse cholesterol transport (Sacks et al., 2009) .
A small randomized placebo-controlled study was conducted to determine whether serial, autologous infusions of plasma in which the HDLs had been selectively delipidated were feasible and tolerated in patients with acute coronary syndrome (ACS) (Waksman et al., 2010) . Twenty-eight patients with ACS were randomized to receive either seven weekly autologous infusions of plasma after selective delipidation of HDLs or control plasma. An intravascular ultrasonographic evaluation of the target coronary vessel revealed a trend toward regression in total atheroma volume in those treated with plasma containing delipidated HDL compared with an increase of atheroma volume in those treated with control plasma.
Further investigation of this approach is ongoing. 3. Apolipoprotein A-I Mimetic Peptides. a. Rationale. ApoA-I is responsible for many of the potentially cardioprotective properties of HDLs. ApoA-I mimetic peptides that have one or more of these potentially cardioprotective properties have been developed. ApoA-I mimetic peptides have the potential to reduce ASCVD risk.
b. What Are Apolipoprotein A-I Mimetic Peptides? Synthetic peptides that mimic the primary and secondary structure of apoA-I have been developed. Some have sought to reproduce the cholesterol efflux function of apoA-I (Sviridov et al., 2011) , whereas others have sought to replicate the anti-inflammatory properties of apoA-I (Tabet et al., 2010; Di Bartolo et al., 2011) .
One apoA-I mimetic peptide (D-4F) was synthesized from D-amino acids to increase bioavailability after oral administration (Navab et al., 2002) . D-4F inhibited atheroma development in mice (Navab et al., 2002) but has not been developed further for use in humans.
Development of mimetic peptides that mimic one or more of the potentially cardioprotective properties of HDL apolipoproteins are ongoing and the results in humans are awaited with interest.
4. Cholesteryl Ester Transfer Protein Inhibition. a. Rationale. CETP is a plasma protein that transfers cholesteryl esters from the nonatherogenic HDL fraction to potentially the proatherogenic non-HDL fraction. Inhibition of CETP blocks this transfer and decreases the concentration of cholesterol in potentially proatherogenic non-HDL fractions while increasing it in the nonatherogenic HDL fraction. CETP gene polymorphisms that reduce CETP activity are almost always associated with a decreased concentration of LDL-C, an 468 increased concentration of HDL-C and a significant reduction in the risk of having an ASCVD event. Inhibition of CETP in rabbits prevents the development of diet-induced atherosclerosis.
b. What Is Cholesteryl Ester Transfer Protein and What Does It Do? CETP is a glycoprotein that is synthesized mainly in the liver (Drayna et al., 1987; Hesler et al., 1987) . Within plasma, CETP promotes bidirectional transfers of both cholesteryl esters and triglycerides between all plasma lipoprotein particles in processes that results in the equilibration of these lipids between lipoprotein fractions (Barter and Rye, 2012) . Since most of the cholesteryl esters in plasma are formed by lecithin-cholesterol acyltransferase (LCAT) in a reaction that takes place primarily in HDLs, and most triglyceride enters plasma as a component of VLDLs or chylomicrons, the effect of the equilibration promoted by CETP is a net mass transfer of cholesteryl esters from the HDL fraction to the potentially proatherogenic non-HDL lipoproteins and a net mass transfer of triglyceride from triglyceride-rich VLDLs and chylomicrons into the HDL and LDL fractions.
The role of CETP in plasma cholesterol transport is presented schematically in Fig. 4 . Cholesterol in extrahepatic tissues is transferred to HDLs in the extracellular space. Once in HDLs, the cholesterol is esterified by activity of LCAT to form cholesteryl esters. HDL cholesteryl esters are subsequently delivered to the liver by either of two pathways: 1) a direct pathway that involves selective delivery to the liver in a process mediated by scavenger receptor B1 and 2) an indirect pathway in which HDL cholesteryl esters are transferred by CETP to the VLDL/LDL fraction and then taken up by the liver via binding of LDLs to hepatic LDL receptors.
In contrast with humans, nonhuman primates, rabbits, and hamsters (all of which have high activity of CETP), most other animal species are deficient in CETP (Ha and Barter, 1982) .
c. Cholesteryl Ester Transfer Protein and Atherosclerosis in Rodents. Rodents lack CETP (Ha and Barter, 1982) and are naturally resistant to the development of atherosclerosis. Transgenic expression of the Cetp gene in mice and rats has generated conflicting and modeldependent results, with some studies supporting the proposition that CETP is proatherogenic (Marotti et al., 1993; Herrera et al., 1999; Plump et al., 1999; Westerterp et al., 2006; Hildebrand et al., 2010; Kühnast et al., 2015) , whereas others suggest that CETP has no effect or is antiatherogenic (Hayek et al., 1995; Föger et al., 1999; Cazita et al., 2003; MacLean et al., 2003; Casquero et al., 2006) .
Many studies have suggested that CETP is proatherogenic in rodents. Transgenic expression of the CETP gene was proatherogenic in mice fed an atherogenic diet (Marotti et al., 1993) as well as in apoE knockout mice (Plump et al., 1999) , LDL receptor knockout mice (Plump et al., 1999) , APOE*3Leiden mice (Westerterp et al., 2006) , and hypertensive rats (Herrera et al., 1999) . In another study of APOE*3Leiden CETP-expressing mice, treatment with the CETP inhibitor, anacetrapib, dose-dependently reduced atherosclerosis and improved lesion stability in effects that were mainly attributed to a reduction in the plasma concentration of non-HDL-C .
By contrast, other studies have shown that CEPT either has no effect or is antiatherogenic in rodents. For example, expression of CETP had no effect on atherosclerosis in a study of scavenger receptor class B type 1 knockout mice (Hildebrand et al., 2010) . Expression of the CETP gene was antiatherogenic in obese, diabetic db/db mice (MacLean et al., 2003) as well as in LCAT transgenic mice (Föger et al., 1999) , ovariectomized mice (Cazita et al., 2003) , testosterone-deficient mice (Casquero et al., 2006) , and hypertriglyceridemic mice transgenic for APOC3 (Hayek et al., 1995) . In the last study, however, it was also reported that expression of the CETP gene was proatherogenic in normotriglyceridemic mice with normal levels of apoC-III (Hayek et al., 1995) .
The relevance of these results in rodents to the situation in humans remains uncertain.
d. Evidence That Cholesteryl Ester Transfer Protein Is Proatherogenic in Rabbits. In contrast with rodents, rabbits have a high level of CETP activity and are also extremely susceptible to the development of diet-induced atherosclerosis. Inhibiting CETP in rabbits with a CETP ASO (Sugano et al., 1998) , an anti-CETP vaccine (Rittershaus et al., 2000) , or by administration of the small molecule CETP inhibitors dalcetrapib (Okamoto et al., 2000) and torcetrapib (Morehouse Fig. 4 . Role of CETP in plasma cholesterol transport. Cells in extrahepatic tissues eliminate any cholesterol that is surplus to their needs by transferring it as free (unesterified) cholesterol to HDLs in the extracellular space. The free (unesterified) cholesterol in HDLs is then either delivered to the liver in a process dependent on hepatic scavenger receptor B1or is converted into cholesteryl esters by LCAT. The cholesteryl esters formed in HDLs are subsequently transported to the liver by either of two pathways: 1) a direct pathway that is scavenger receptor B1 dependent and 2) an indirect pathway in which HDL cholesteryl ester are first transferred to the VLDL/LDL fraction by CETP and then taken up by the liver after binding of LDLs to LDL receptors. CE, cholesteryl ester; FC, free (unesterified) cholesterol; LDL-R, lowdensity lipoprotein receptor; SR-B1, scavenger receptor B1.
New Era of Lipid-Lowering Drugs et al., 2007) reduces atherosclerosis. There are no reports of studies in rabbits to suggest that inhibition of CETP increases atherosclerosis. Although these studies do provide support for the hypothesis that CETP inhibition is antiatherogenic, the relevance to humans is again uncertain.
e. Genetic Variants of Cholesteryl Ester Transfer Protein and Atherosclerotic Cardiovascular Disease Risk in Humans. Overall, the results of human genetic studies have supported the proposition that CETP is proatherogenic and that its inhibition may reduce ASCVD risk. Although some small genetic studies have generated conflicting results, the larger studies have consistently shown that CETP gene variants that are associated with low CETP activity are accompanied by a significantly lower risk of having an ASCVD event.
Several large meta-analyses (Boekholdt et al., 2005; Thompson et al., 2008; Niu and Qi, 2015) and two large cohort studies (Ridker et al., 2009; Johannsen et al., 2012) have concluded that CETP gene polymorphisms that are associated with decreased CETP activity are accompanied by a significantly decreased risk of having a coronary event. The most compelling genetic evidence that activity of CETP is proatherogenic was provided by an analysis of the Copenhagen City Heart Study, in which 10,261 people were followed for up to 34 years (Johannsen et al., 2012) . There were more than 3000 cardiovascular events and 3807 deaths in the cohort over this time. Two common CETP gene polymorphisms known to result in low CETP activity were associated with significant reductions in the risk of ischemic heart disease, myocardial infarction, ischemic cerebrovascular disease, and ischemic stroke. Furthermore, the greater the number of affected alleles, the greater the effect on ASCVD risk (Johannsen et al., 2012) . People with these polymorphisms also had increased longevity, with no evidence of adverse effects.
Collectively, these genetic studies lend strong support to the proposition that CETP inhibition may be antiatherogenic.
f. Effects of Cholesteryl Ester Transfer Protein Inhibitors in Humans. There have been reports of CETP inhibition by small molecule inhibitors, by an anti-CETP vaccine, and by an ASO approach. The small molecule inhibitors, which have been tested much more extensively than the other agents in humans, include torcetrapib, dalcetrapib, anacetrapib, evacetrapib, 
The mechanism of action of small molecule CETP inhibitors is uncertain, although there is evidence with torcetrapib and anacetrapib that these agents reduce the dissociation of CETP from HDL particles and thus prevent the shuttling of cholesteryl esters and triglycerides between lipoprotein particles (Clark et al., 2006 ). Dalcetrapib appears to act by a different mechanism, but this has yet to be confirmed (Niesor et al., 2010) .
g. Effects of Cholesteryl Ester Transfer Protein Inhibition on Plasma Lipids and Lipoproteins in Humans. Treatment of humans with CETP inhibitors decreases the concentration of LDL-C and apoB, decreases the concentration of Lp(a), and increases the concentration of HDL-C and apoA-I (Table 1) .
Effects of CETP inhibition on HDL function have also been studied. HDLs isolated from people treated with torcetrapib (Yvan-Charvet et al., 2007) , anacetrapib (Yvan-Charvet et al., 2010) , and TA-8995 (Hovingh et al., 2015) have been shown in ex vivo studies to have a normal or enhanced ability to promote the efflux of cholesterol from macrophages. In a post hoc analysis of the Investigation of Lipid Level Management to Understand Its Impact in Atherosclerotic Events trial, the level of HDL-C achieved in the torcetrapib-treated patients was an inverse predictor of events (Barter, 2009) , suggesting that the HDLs were functional. A post hoc analysis of the Investigation of Lipid Level Management Using Coronary Ultrasound to Assess Reduction of Atherosclerosis by CETP Inhibition and HDL Elevation trial also supported normal HDL function in people treated with torcetrapib in that there was significant regression of coronary atheroma in the torcetrapib-treated patients who achieved the highest on-treatment level of HDL-C (Nicholls et al., 2008) .
Inhibition of CETP in rabbits with des-fluoroanacetrapib, an active analog of the CETP inhibitor anacetrapib, enhanced endothelial repair and improved endothelial function (Wu et al., 2015b) and also promoted angiogenesis in animals with hind-limb ischemia (Wu et al., 2015a Increase (180) Increase (60) Decrease (45) Decrease (35) Decrease (35) 470 Barter and Rye [torcetrapib (Barter et al., 2007) , dalcetrapib (Schwartz et al., 2012) , and evacetrapib (ClinicalTrials.gov NCT01687998)] all failed to reduce ASCVD events when tested in humans in large, randomized clinical outcome trials. In the case of torcetrapib, the treatment caused harm. Precisely why these trials failed is not known.
The harm caused by torcetrapib may have been the consequence of known serious off-target adverse effects unrelated to inhibition of CETP (Forrest et al., 2008; Hu et al., 2009; Connelly et al., 2010; Simic et al., 2012) , making it impossible to interpret the results of this trial. The failure of dalcetrapib may have been because it was tested in patients soon after an ACS event at a time when the HDL fraction is known to be dysfunctional (Besler et al., 2011) . This possibility was supported by the observation that the concentration of HDL-C did not predict ASCVD events in the placebo group in this trial (Schwartz et al., 2012) . The failure of evacetrapib may simply have been because the trial was too short to be able to detect benefit.
The future of CETP inhibition now depends on an ongoing study with anacetrapib. Randomized Evaluation of the Effects of Anacetrapib through Lipid Modification (REVEAL; ClinicalTrials.gov NCT01252953) is a phase III trial designed to determine whether treatment with anacetrapib given at a daily dose of 100 mg reduces the risk of a composite end point (coronary death, myocardial infarction, or coronary revascularization) in patients with circulatory problems who have their LDL-C optimally treated with a statin. More than 30,000 high-risk participants have been randomized to receive anacetrapib or placebo, with a planned follow-up of about 4 years. This study includes men and women with a history of myocardial infarction, cerebrovascular atherosclerotic disease, peripheral arterial disease, or diabetes mellitus with other evidence of symptomatic coronary heart disease.
The independent data monitoring committee for REVEAL met in early November 2015 and reviewed safety and efficacy data from the study. The data monitoring committee also conducted an analysis for futility and recommended that the trial continue as planned. The future of CETP inhibition as a strategy to reduce ASCVD risk will depend on what is found when the results of the REVEAL trial are reported.
IV. Conclusions
The use of established lipid-modifying drugs, especially statins, has translated into major reductions in the risk of having an ASCVD event. In many people, however, the risk of having an ASCVD event remains unacceptably high despite taking maximally tolerated doses of these established agents. This has fueled the development of a number of new agents designed to reduce levels of atherogenic lipoproteins and increase levels of the potentially protective HDL fraction. Some of these new agents have recently been approved for use in selected countries, whereas others are awaiting the results of randomized clinical outcome trials before decisions can be made about their place in clinical management. Several of these new agents have the potential to reduce ASCVD risk to very low levels.
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